LncRNA play important roles in regulation of host immune and inflammation responses in defending bacterial infection. Clostridium perfringens (C. perfringens) type C is one of primary bacteria leading to piglet diarrhea and other intestinal inflammatory diseases. For the differences of host immune capacity, individuals usually show resistance and susceptibility to bacterial infection. However, whether and how lncRNAs involved in modulating host immune resistance have not been reported. We have investigated the expression patterns of ileum lncRNAs of 7-day-old piglets infected by C. perfringens type C through RNA sequencing. A total of 16 lncRNAs and 126 mRNAs were significantly differentially expressed in resistance (IR) and susceptibility (IS) groups. Many lncRNAs and mRNAs were identified to regulate resistance and susceptibility of piglets through immune related pathways. Five lncRNAs may have potential function on regulating the expressions of cytokines, these lncRNAs and cytokines work together to co-regulated piglet immune response to C. perfringens, affecting host resistance and susceptibility. these results provide valuable information for understanding the functions of lncRNA and mRNA in affecting piglet diarrhea resistance of defensing to C. perfringens type C, these lncRNAs and mRNAs may be used as the important biomarkers for decreasing C. perfringens spread and diseases in human and piglets.
After clustering using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina ® ), RNA libraries were sequencing on Illumina Hiseq4000 platform (Illumina, San Diego, CA, USA) to generated 150 bp paired-end (PE150) reads at the Novogene Bioinformatics Institute (Beijing, China).
Identification of different expressed lncRNA and mRNA. After quality control, the paired-end clean reads were mapped to the pig reference genome sequence (Sus scrofa 10.2) by TopHat2 17 and were assembled by Scripture 18 and Cufflinks 19 in a reference-based approach. The coding potentials of transcripts were predicted by four tools named Coding-Non-Coding-Index (CNCI) 20 , Coding Potential Calculator (CPC) 21 , Pfam-scan v1.3 (E-value < 0.001) 22 , and phylogenetic codon substitution frequency (phyloCSF) v20121028 23 to distinguish mRNA from lncRNA. Transcripts, which were predicted by any one of these four tools, were filtered out, those without coding potential were defined as candidate lncRNA.
The FPKMs (fragments per kilo-base of exon per million fragments mapped) of lncRNA and mRNA were calculated by Cuffdiff 19 . Gene FPKMs were computed by summing FPKMs of transcripts in each group. Differential expression levels were determined using a model based on the negative binomial distribution model. Transcripts with a corrected P-value < 0.05 were assigned as significantly differentially expressed.
target gene prediction. Cis and trans analyses were used to predict the target genes of differentially expressed lncRNAs. The target genes of lncRNA in cis role were predicted by lncRNAs regulation on expression of their neighboring protein-coding genes, which were close to 10 K upstream and downstream regions of lncRNA 24 . The target genes of lncRNA in trans role were identified by expression levels of lncRNA and mRNA, the expressed correlation between lncRNAs and coding genes was calculated based on Pearson's correlation coefficient, the Pearson's correlation coefficient (|r| > 0.95) were selected.
In structure, lncRNAs can form special secondary structures to regulate expression of mRNAs. Thus, the secondary structures of lncRNAs were predicted based on the free energy using RNAFold web server online software (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi).
Function enrichment prediction. Analyses of Gene Ontology (GO) enrichment and Kyoto Encyclopedia
of Genes and Genomes (KEGG) signaling pathway (https://www.kegg.jp/kegg/kegg1.html) were applied to investigate the potential roles of differentially expressed lncRNA target genes and mRNAs. The P value < 0.05 were considered as significantly enriched.
Real-time quantitative pCR (qpCR) validation. Total RNA samples of 15 ileum tissues used for RNA-seq were processed to synthesize cDNA using reverse transcriptase Kit (TaKaRa, Dalian, China). A total of 3 lncRNAs (LNC_001066, LNC_001186 and ENSSSCT00000032859) and 5 mRNAs (TNFRSF11A, TLR8, IRAK3, LCP2 and CYP1A1) were used to perform used to qPCR detection for validating the accuracy of RNA sequencing.
In addition, blood samples of 15 piglets from IR, IS and IC groups were collected at the 1, 2, 3, 4 and 5 days after infection, respectively. After lysing red blood cells from blood, total RNA samples were isolated from leukocytes using TRIzol reagent, and then used to reverse transcribe and synthesize cDNA using reverse transcriptase Kit (TaKaRa, Dalian, China). Finally, four cytokine genes (interleukin IL-1β, interferon IFN-α, tumor necrosis factor TNF-α, and nuclear factor NF-κB) were selected to quantify relative-expression levels to explore changes of cytokines.
The specific amplification primers of these genes, cytokines and housekeeping GAPDH gene were designed using NCBI website BLAST online software (Supplementary Table S1 ), the qPCR detection was qualified using 2 −∆∆Ct value methods 25 . The qPCR reaction was performed in 20 µL system involved 9.5 µL 2 × SYBR Green Realtime PCR Master Mix (TaKaRa, Dalian, China), 1 µL forward and reverse primers, 1 µL cDNA and 7.5 µL RNase free ddH 2 O using LightCycler 480II Real-Time PCR System. The cycling conditions included an initial activation denaturation (95 °C for 3 min), and followed by 30 cycles (95 °C for 15 s (denaturation), 60° ± 1 °C for 15 s (annealing), 72 °C for 20 s (extension)). Each biological replicate was comprised of three technical replicates.
statistical analysis. The experimental data was displayed as the mean ± standard error of mean (SEM).
One-way ANOVA was performed to calculate statistical significance followed by Duncan to independently compare each C. perfringens type C treatment group to the control group. All statistical analyses were conducted by using correlation test (Student's t-test) using SPSS 18.0 (SPSS Inc., Chicago, IL, USA), and P < 0.05 or P < 0.01 represent significance level.
Results
Difference of body and organ index among IR, IS and IC groups. We had made the statistics analysis about the differences of body and organ weights of piglets among IR, IS and IC groups. As shown in Fig. 1 , body and organ weights of infection group (IR and IS) were significantly lower than those of control group (P < 0.01), meanwhile, piglets in the IR group had significantly higher levels of body weight, heart, liver and spleen than piglets in the IS group (P < 0.01), however, the weights of liver, lung and kidney were not statistically significant difference between IR and IS groups (P > 0.05).
Analyses of differentially expressed lncRNAs. To identify C. perfringens-responsive lncRNAs, the normalized expression of lncRNAs was compared between the IR and IS treatment groups. After C. perfringens type C infection, a total of 359 lncRNAs and 2588 mRNAs were significantly expressed in the IR vs IC group (Supplementary Table S2 , Fig. 2A ), as well as 419 lncRNAs and 3283 mRNAs in the IS vs IC group (Supplementary  Table S3 , Fig. 2A ).
We conducted a Venn diagram for lncRNA and mRNA to understand the differential expression degree. As shown in Fig. 2A, a group, in which, 6 lncRNAs and 41 mRNAs were up-regulated, 10 lncRNAs and 85 mRNAs were down-regulated (Fig. 2B,C ). There were 4 lncRNAs and 28 mRNAs were common differentially expressed among the IR, IS and IC groups after C. perfringens type C infection. Compared with IC group, 10 lncRNAs and 100 mRNAs were significantly differentially expressed in the IR vs IS group, which were used as the main resource for next analyses, and the details of these 10 lncRNAs were summarized and presented in Table 1 .
prediction of lncRNA and mRNA functions. To better understand the functions of lncRNAs, we firstly predicted the potential target genes of 10 lncRNAs, and meanwhile screened the differentially expressed target genes in IR vs IS groups compared to IC group, the screened results were presented in the Supplementary  Table S4 . While, there were no target genes predicted by three lncRNAs, LNC_000139, LNC_001415 and ALDBSSCT0000004597, which may be the reason of incomplete information for the updating pig genomic annotation.
In general, lncRNA can act as signal molecules to regulate downstream gene transcription, as decoy molecules to play a role in blocking molecules, as guide molecules to combine with proteins, or as scaffold molecules to accurately control signal transduction and molecular dynamics in multiple biological processes. LncRNA exert regulatory function by three kinds of modes, i.e. local single chain structure, local secondary structural motifs, and target molecular interaction of particularly tertiary structural motifs 26, 27 . Recently, it is difficult to acquire tertiary structure of lncRNA, secondary structure prediction of lncRNA target molecules are helpful to study their functional mechanisms in some degree, lncRNA with different secondary structures can exert different functions. Therefore, the structural properties of these 10 lncRNAs were predicted by statistical analyses, which may help to verify the subsequent function and to increase our understanding to their regulation modes. Finally, 9 differentially expressed lncRNAs were successfully predicted secondary structures (Fig. 3) , except for LNC_001066 with excessive length. As demonstrated, the secondary structures of these lncRNAs mainly include stem loop, hairpin loop, multibranch loop et al., these loops are formed by with many unpaired bases, which can match with small molecules to regulate functions of RNAs and compounds by base pairing, thus each lncRNA may regulate multiple target genes.
Furthermore, the GO and KEGG enrichment analyses were performed to predict the potential functions of lncRNAs. Except for 3 lncRNAs without predicted target genes, the remaining 7 lncRNAs were performed to predict target genes, which were presented in Table 2 . These target genes were found to significantly enrich in 86 and 204 GO terms through cis and trans functions, respectively, in IR vs IS treatment group compared to IC group. In which, the main immune associated GO functions included MHC class I protein complex and transcription factor activity in cellular component, immune response, macrophage tolerance induction, antigen processing and presentation, and regulation of I-κB kinase/NF-κB signaling in biological process ( Table S5 ), the top 20 enriched pathways of lncRNA target genes mainly included some immune and inflammatory related pathways, such as cell adhesion molecules, inflammatory bowel disease (IBD), T cell receptor signaling pathway, natural killer cell mediated cytotoxicity ( Table S6 ).
In addition, we further analyzed the enriched GO terms and KEGG pathways of 100 differentially expressed mRNAs. Results showed that a total of 19 significantly enriched GO terms (Corrected P Value < 0.05) and 549 GO terms were detected in IR vs IS treatment group (Supplementary Table S7 ). For example, the significantly enriched GO terms were mainly found in biological process of mucosal immune response, innate immune response in mucosa, immune response, defense response to gram-positive bacterium, and in cellular component of extracellular region. Meanwhile, 12 significantly enriched KEGG pathways main including toll-like receptor signaling pathway, antigen processing and presentation, glycosphingolipid biosynthesis, protein digestion and absorption, as well as some immune-related pathways of chemokine signaling pathway, NF-κB signaling pathway, cytokine-cytokine receptor interaction, and MAPK signaling pathway (P < 0.05) ( Supplementary Table S8 ). Importantly, some immune-related genes were also found significantly differentially expressed and enriched in these bacterial infection associated pathways, such as TLR8, LBP and SPP1 in toll-like receptor signaling pathway, HSP70 and CD8A in antigen processing and presentation, CXCL9, CXCL10, CCR5 and CCL17 in chemokine signaling pathway.
To validate the accuracy lncRNA sequencing data, a total of 3 lncRNAs and 5 mRNAs were selected to perform the qPCR detection. As shown in Fig. 5 , the results of qPCR detection were perfectly matched to sequencing data, suggesting that the sequencing data was accurate. expression of cytokine genes. The relative expressions of IL-1β, IFN-α, TNF-α, and NF-κB over the course of the infection were detected by qPCR method (Fig. 6 ). Compared to IC group, the expression levels of IL-1β and NF-κB were downregulated both in the IR and IS groups at the 1dpi, while IFN-α and TNF-α were upregulated in the IR and IS groups. in which, the expression of IFN-α was significant difference between the IR group and IC group (P < 0.05). At the 3dpi, expression levels of TNF-α and NF-κB in the IS group and IL-1β in the IR group were significantly increased in comparison with the IC group (P < 0.05). At the 5dpi, in the IR group, the expression levels of IFN-α and TNF-αwere significantly upregulated than those in the IS group, while expressions of IL-1β and NF-κB in the IR group were significantly downregulated than those in the IS group. The results showed that C. perfringens type C infection significantly affect the expressions of these cytokine genes in piglets among IR, IS and IC groups, the high expressed cytokines may hint various degrees of inflammation response in piglets, which may be associated with the piglet immune resistant to C. perfringens type C infection.
Discussion
C. perfringens has been recognized as one of the widespread potential bacterial pathogens, which can result in many infectious diseases, seriously influencing human and animal heaths. C. perfringens type C can cause piglet hemorrhagic diarrhea, even in human. Generally, the occurrences of these diseases are mainly caused by the close contact with C. perfringens type C-infected piglets or -polluted environments. The pathogenic ability of C. perfringens type C is various in infecting different piglet individuals and causing inflammatory diseases, in turn, piglets also have multifarious immune abilities to resist C. perfringens type C infection, these differences largely depend on host-pathogen interactions and host immune tolerance to bacteria 28 . Recently, lncRNA are considered as an important regulatory factor in modulating host inflammatory and immune responses against bacterial and viral infection 27, 29, 30 . Therefore, identifying C. perfringens type C resistant-associated lncRNAs and mRNAs and these potential functions in defensing bacterial infection were essential to further explore regulatory mechanism of host and prevention infectious diseases caused by C. perfringens type C. C. perfringens type C infection cause some inflammatory and immune diseases, while the intensity and persistence of these diseases were associated with the resistance differences of piglet individuals to pathogen infection. Indeed, C. perfringens type C infection have affected the growing development of inoculated piglets, the inoculated piglets exhibited the growth delay and deficiency, the weights of body, heart, liver and spleen of piglets in the IR group were higher than those in the IS group (P < 0.01), suggesting that potential resistant piglets showed fewer adverse effects on growth and development than sensitive piglets. In addition, C. perfringens type C infection had changed the expression levels of several inflammatory cytokine genes. The dysregulated expressions of cytokines play a positive role in contributing to host immune and inflammatory responses in the intestine damage and host defense the invasion of various microorganisms, which may be associated with many autoimmunity diseases [31] [32] [33] [34] [35] . The IFN-α, TNF-α 31 , IL-1β 32 and NF-κB 33 are crucial mediators of inflammation, researches had reported that TNF-α and IL-1 could induce biological activities of IL-8 in various types of inflammation 34 . In our study, the overexpressed IFN-α, TNF-α and downregulated of IL-1β and NF-κB in the IR group were significantly different with these in the IS group after C. perfringens type C infection. The results showed that the lower inflammatory responses were activated in the resistant piglets, in other words, resistant piglets may have the better ability in reducing inflammatory responses induced by C. perfringens type C infection and may be more beneficial for improving their prognosis.
A total of 10 lncRNAs and 100 mRNAs were found significantly differentially expressed between IR vs IS group. We found that after C. perfringens type C infection, the differentially expressed lncRNAs LNC_001066, LNC_000231, LNC_001186 and ENSSSCT00000032859 were found to regulate some immune-related target genes interleukin 1 receptor associated kinase 3 (IRAK3), TLR8, LCP2, TNFRSF11A, CYP1A1 and SLA-1, meanwhile, these target genes were also significantly differentially expressed in the IR vs IS group, the differentially expressed lncRNA target genes were mainly enriched in some key signal transduction and immune-related signaling pathways, such as toll-like receptor signaling pathway, NF-κB signaling pathway and cytokine-cytokine receptor interaction, which were considered to be associated with bacterial infection, especially C. perfringens 36, 37 . These results may hint the potential effects of lncRNAs and target genes on signal transduction and cytokine. To further explore the potential functions of lncRNAs, we predicted the possible regulatory relationships by constructing a network diagram, which based on the following criteria: firstly, the immune related target genes of differentially expressed lncRNAs in cis and trans roles were predicted through target gene prediction, then we search the downstream inflammation related cytokine genes of immune target genes through KEGG signaling pathway database and some related articles. Based on the methods, a potential relationship among the 7 lncRNAs, target genes and inflammation related cytokines was evaluated and presented in the Supplementary Figure. As shown, the differentially expressed lncRNAs had potential regulatory relationship with their target genes. Furthermore, these target genes directly or indirectly affected the expressions of inflammation related cytokine genes IL-1β, IFN-α, TNF-α, NF-κB, CCL5, and so on, for example, the upregulated LNC_001066 could improve the expression of target genes TLR8, IRAK3 and LCP2, overexpression of TLR8, IRAK3 and LCP2 genes directly or indirectly affected the expressions of TRAF6, NF-κB and MAPK, respectively, which may trigger the secretions of cytokines IFN-α, IL-8 and TNF-α through NF-κB and MAPK signaling pathways. LNC_000231 could directly upregulated the expression of TNFRSF11A, TRAF3 gene could be activated by the upregulated TNFRSF11A, and further affect the expression level of NF-κB, all of them participated in regulating host inflammatory and immune responses to C. perfringens type C infection. This analysis was performed to reveal the potential relationship between the differentially expressed lncRNAs, target genes and cytokine changes, which might provide some new perspectives for understanding the transcriptional regulation of piglet immune response to bacterial infection.
After C. perfringens type C infection, the expressions of LNC_001066 in the IR group were significantly upregulated compared with IS group, while the expressions of LNC_000231 was only found expressed in the IS group, the expressions of IRAK3 and TLR8 in the IR group were significantly higher than those in the IS group. To further explore the regulatory roles of lncRNAs, we predicted the potential relationship between lncRNA, target genes and cytokines. As shown in the of immune-related target genes, IRAK3 and TLR8, to participate in the progress of host immune response in defensing bacterial infection through apoptosis and toll-like receptor signaling pathway, respectively. TLR8 is one of toll-like receptors (TLRs) family, which is the first line of host defense against invading pathogen invasion. TLR8 can recognize distinct pathogen-associated molecular patterns in intracellular and play a critical role in host innate immune responses after bacterial infection 38 . TLR8 can activate a series of cascade reaction, including inducing the expressions of IRAK and TRAF6 39, 40 , and improve the productions of IFN-α, NF-κB through NF-κB and MAPK signaling pathways 41 . As the core immune regulator, the activations of NF-κB and MAPK pathways trigger the expressions of proinflammatory cytokines and chemokines, including the secretion of TNF-α, IFN-α, IL-1β and IL-8 38, 42 . The suppressed TLRs could reduce systemic inflammatory response caused by bacterial infection. It was predicted that TLR8 had potential relationship with the expressions of cytokines IFN-α and IL-1β through mediating expressions of TRAF6. C. perfringens infection suppressed the expression of TLR8 in inoculated piglets, which was relatively higher expressed in IR group than that in IS group, interestingly, IFN-α was correspondingly higher expressed in IR group than in IS group, as well as expression of IL-1β at 1-3 dpi.
Beside this, LNC_000231 could target expression of TNFRSF11A gene, as known as receptor activator of NF-κB (RANK). TNFRSF11A can affect intracellular signal transduction process through several TRAFs and may lead to the activation of various signaling pathways, including the NF-κB, MAPK and PI3K/AKT cascades 43 . The overexpression of TNFRSF11A can interacted with TNF receptor-associated factors (TRAF) family members, such as TRAF3 and TRAF6 to activate the NF-κB-mediated apoptosis 44 . In our study, the expressions of TNFRSF11A were significantly upregulated after piglets inoculated with C. perfringens type C, and the expression in the IS group was higher than that in the IR group, suggesting that high expression of TNFRSF11A might trigger apoptosis process of intestinal cell 45 and had an adverse effect in host defense the invasion of C. perfringens type C. Lymphocyte cytosolic protein 2 (LCP2) is one of the immune genes targeted by LNC_001066 and involve in NK cell-mediated cytotoxicity pathway. LCP2 plays important roles in promoting normal T-cell development and activation through MAPK signaling pathway 46 . Study found that the up-regulated LCP2 could promote angiogenesis during precancerous lesion formation and activated the production of excessive amounts of proinflammatory cytokines, such as IFN-γ and TNF-α 47, 48 , the loss of LCP2 revealed a variable degree of abnormal intestinal vasculature in human and exhibited the hemorrhagic symptoms of subcutaneous and intraperitoneal tissues in mice 49 .
The expression of LCP2 in the IS group was lower than in the IR group, correspondingly, the expressions of IFN-α and TNF-α were also lower in the IS group, this results might cause some adverse symptom and resulted in the occurrence of damage lesions in C. perfringens type C infected piglets, including cell cycle regulation disorders and decreased local immunity 50 . ENSSSCT00000032859 targeted the expression of SLA-1 by antigen processing and presentation pathway, which was overexpressed in the IR group, and was not detected in the IS group. Study had reported that SLA-1 could bind with toxic polypeptide and induced a series of immune responses by recognizing CD8 + cell, E. coli F18-resistant piglets exhibited high expression levels of SLA-1, which was related to several immune functions and could help to defense E. coli F18-related porcine gastrointestinal tract diseases 51 . The results also suggested that the high expression of SLA-1 in resistant piglets may have the stronger capacity to defend C. perfringens type C infection.
The cytochrome P450 family 1 subfamily A member 1 (CYP1A1), directly targeted by LNC_001186, have some special relevance to metabolic activation and detoxication 52 , CYP1A1 may stimulate the productions of inflammatory cytokines in immune and inflammatory responses, including TNF-α, IL-1β, IL-6, CXCL5 and so on 53 . The activated CYP1A1 is associated with tissue toxicity and carcinogenesis, such as gastrointestinal tract 54 . Study found that intestine CYP1A1 contributed to a metabolic "shield" protecting host from ingesting carcinogens by interplaying with TLRs ligands 55 . Therefore, the higher expressed CYP1A1 in the IS group might have some association with the expression of IL-1β, the higher expressed IL-1β reflected that the sensitive piglets might suffer more intense immune responses during C. perfringens type C infection.
In addition, TNIP1 (TNF-α induced protein 3 (TNFAIP3 or A20) interacting protein 1) could be targeted by ENSSSCT00000018610. Overexpression of TNIP1 gene interact with TNFAIP3 to restrict NF-κB activation, then further reduced autoimmunity response by TNF-independent signals 56 and prevented intestine immune and inflammatory diseases [57] [58] [59] . Study reported that TNFAIP3 repressed cell apoptosis by TNF and IL-1β, and affected proinflammatory gene expressions by directly acting on TRAF6 signaling molecule 60 . EFR3A and SPOCD1 gene were regulated by ALDBSSCT0000007865 and ALDBSSCT0000009442, respectively. EFR3A plays a role in controlling G protein-coupled receptor (GPCR) activity by affecting receptor phosphorylation, the mutation of this gene is associated with the early step of colorectal tumorigenesis 61 , changed expression of EFR3A contributes to host immune response against endocytosis of infectious bursal disease virus (IBDV) for preventing and decreasing infections 62 . SPOCD1 protein product belongs to TFIIS family transcription factors, SPOCD1 plays important functions in mediating inhibition of cancer cell proliferation 63 and inducting cell apoptosis in breast, lung, gastric and pancreatic cancer cell lines through activation of p53 64 and TGF-β signaling pathways 65, 66 , the biological process involved by these genes ultimately plays a crucial role in the regulation of host inflammatory response.
The above results strongly implied the relationship among expression of lncRNA, target genes and cytokine changes, suggesting dysregulated lncRNAs affected inflammatory and proinflammatory cytokine expression by triggering the functional immune-related genes, meanwhile, expression differences of these molecules ultimately reflected in the resistance and susceptibility of host during pathogenic bacteria invasion. The piglets with higher resistance may have more abilities to reduce and counteract the damage caused by bacterial infection, though the definite information of how these lncRNAs regulate host immune response by affecting inflammatory cytokine changes need to be further validated.
Conclusions
In this study, we have comprehensive compared the lncRNA expression patterns in intestinal inflammation response of piglets with different immune resistance in defensing C. perfringens type C infection. These significantly expressed lncRNA can trigger the target genes to influence cytokine expression, and further contribute to the different abilities of piglet resistance to bacterial infection or induce the injure of the inflammation diseases. This study will provide the pivotal resources for further exploring the resistance and susceptibility of hosts to C. perfringens infection.
